Populations of European freshwater pearl mussels, Margartitfera margaritifera, have declined dramatically throughout their range. Better knowledge of postlarval feeding is required to determine factors influencing juvenile survival and growth, both in captivity and in natural streams. Development of the filtering organ represents a critical stage in juveniles. The filtering organ (ctenidium) in postlarvae (shell length, L = 1-3 mm) was studied by quantitative histology. Ctenidial development depended on mussel size, not age and was not accelerated by exposing the postlarvae to a 100-d artificial winter. Three distinct ctenidial stages were identified: the I-, V-and W-stages, which describe the ctenidial shapes, starting at L = 0.8, 1.1 and 4.5 mm, respectively. Functional redundancy of pedal and filter feeding probably reduces winter mortality at I-stage and early V-stage. Filter feeding becomes efficient at c. L = 2.2 mm, when the filtration area reaches 2.1 mm 2 , inducing an ontogenetic shift from pedal feeding to ctenidial filter feeding. For every 123 µm increase in L, one additional filament develops posteriorly from a budding zone. Filament thickness (c. 28 µm) and the distance between them (c. 29 µm) do not change with mussel size, indicating that juveniles and adults capture the same food particles. The change from pedal feeding to filter feeding represents an ontogenetic feeding shift and hence represents a critical stage in survival of juvenile M. margaritifera.
INTRODUCTION
The freshwater pearl mussel Margaritifera margaritifera (Linnaeus, 1758) is a large infaunal bivalve, native to temperate lowland rivers. It has a Holarctic distribution and is found from the Arctic to the temperate regions of western Russia, through Europe and the northeastern seaboard of North America (Skinner, Young & Hastie, 2003; Geist, 2010) . At present, most of the historical populations are extinct or threatened with extinction.
Margaritifera margaritifera is a specialist parasite, which can successfully develop into a viable larva only after a stage on a salmonid host. Its life cycle has three stages: (1) a parasitic stage of 9-11 months, in which the glochidia larvae are encysted on the gills of Atlantic salmon (Salmo salar) or brown trout (Salmo trutta), followed by (2) c. 5 years as juveniles, buried in the substrate, before (3) emerging and living on, or partially buried in, the substrate as adults.
Margaritifera margaritifera is considered a keystone species, which has a major impact on the structure and functioning of natural communities (Geist, 2010) . By filtering dispersed organic matter from the water column, it makes dispersed food available, as pseudofaeces and faeces, for other invertebrates which, in the next trophic step, serve as food for salmonids. Their digging activity in the river sediments increases the supply of oxygenated water and hence improves the living conditions for the sediment fauna.
Glochidia also have a significant impact on salmon and trout biology, including behaviour (Rohde, 1993) and life history (Ziuganov, 2005) .
Less than a 100 years ago, M. margaritifera was one of the most common animal species in siliceous streams all over central Europe, often occurring in several layers on the river bottom (Israel, 1913) . The populations have declined dramatically throughout its range (Bauer, 1991; Ziuganov et al., 1994) . Collection of pearls was a cause of decline in mussel populations in the past. More recently, the reasons are habitat loss, poor water quality due to acid rain or eutrophication and a decline in host species (Cosgrove & Hastie, 2001; Geist, Porkka & Kuehn, 2006; Taeubert et al., 2010) . This dramatic decline has attracted much concern from conservation organisations. The mussel is considered vulnerable and is listed in Annexes II and V of the European Habitats and Species Directives and Appendix III of the Bern Convention (Skinner, Young & Hastie, 2003; Larsen, 2005) . In surviving populations, lack of recruitment and the survival of young mussels in organically enriched sediments are considered the main problems and the postparasitic stage is thus thought to be the most critical (Buddensiek et al., 1993; Geist & Auerswald, 2007; Geist, 2010) . Sedimentation of organic components often leads to anoxic conditions in the river substrate and this can suffocate the young mussels that live buried there (Geist & Auerswald, 2007; Geist, 2010) . In order to save vulnerable populations and enable restocking of their native rivers, rearing programmes have been established in several countries. Most M. margaritifera conservation programmes are based on bypassing the critical phases by rearing mussels in hatcheries until they can be put back into their natural habitats as larger subadults and adults (Gum, Lange & Geist, 2011) .
There is a high loss of postlarvae and juveniles in the hatcheries and it is clear that optimization of cultivation methods is hampered by a lack of basic biological knowledge (Geist, 2010) . One area of concern is the developmental, functional anatomy of postlarvae and juveniles, through several critical milestones of their development during the first years of life. An important shift is the period when the postlarvae undergo a transformation from pedal feeding (using the foot) to filtration of food particles from the water (using the gills). Detailed knowledge on this gradual transformation is crucial in order to define the optimal time window for release or change of rearing conditions (from tanks to artificial rivers; from detritus to an algal-based diet).
The aims of the present work were to describe the ctenidial development during the critical postlarval stage and to identify the potential factors influencing early organogenesis of ctenidial development: age, size and exposure to natural seasonal conditions (artificial winter).
MATERIAL AND METHODS

Material
Glochidia-infected salmon were removed from the Os River in western Norway (60.20°N, 5.46°E) in May 2012 by electrofishing. The salmon were held in a tank over winter at Austevoll breeding station (60.09°N, 5.24°E), situated in Lerøy Vest (locality registry No. HAV12) at Storebø, Austevoll. Postlarval mussels were sieved at 200 µm from the outlet water and collected every other day. Newly metamorphosed mussels had an initial shell length (L) of about 300-480 µm when they were collected from the sieves around 25 June 2012. Postlarvae from different sieves were later pooled, so this average sieving date is defined as the day zero of age. Newly hatched mussels were cultivated at 17°C in 0.7-l plastic boxes with a stagnant mixture of water, detritus and food, which was changed every other day (Eybe et al., 2013) . The humic lake water was sieved at 30 µm, preoxygenated and enriched with a 100 µl/l saturated-CaCO 3 solution. Detoxifying of the detritus is essential to reduce mortality during the first months (Eybe et al., 2013) . The detritus was collected from a limed meadow surrounding a small stream. Suspended detritus (3% W/ W) was sieved at 30 µm, oxygenated and added to the water until it turned dark brown (5 ml/l or forming a 0.4-mm layer after sedimentation). The food contained a large variety of algae to ensure that all micronutrients were present and had suitable particle sizes: Nanno 3600 (Nannochloropsis, cell size 1.5-2.0 µm, 68 × 10 9 cells/ml, 4 µl/l; Reed Mariculture Inc.), Spirulina (24 µg/l; Supernature), mashed frozen chironomid larvae (0.02 individuals/l) and Shell Fish Diet 1800 (Isochrysis sp., Pavlova sp., Tetraselmis sp., Thalassiosira weissflogii, cell size 5-16 µm, 2 × 10 9 cells/ml, 25 µl/l; Reed Mariculture Inc.). In addition to the postlarvae, three older mussels (age 495, 495, 868 d, length = 5.7, 5.9, 14.7 mm) , cultivated from the same population at the breeding station at Austevoll, were included in the sample to in order to validate extrapolated predictions.
Winter treatment
To investigate whether winter accelerates ctenidial development in juveniles, 10 groups of mussels were subjected to an artificial winter treatment (T). The treated groups were compared with 10 control (C) groups. The juveniles were held in 2 × 10 cylindrical glass beakers (diameter = 4.5 cm, height = 13 cm), which were bathed in cooled water to regulate the temperature (Hailea HC-100A water cooler, ±0.5°C). Each beaker was filled with 14 mussels and 2 dl of water-detritus-food mixture (7.5 cm water column). To mimic natural conditions, a regime unit of 12 white LEDs (0.96 W) on a timer gave underwater illumination of 192 lux (SD 24 lux) and 0 lux at night-time. Underwater temperature and light intensity were recorded with a data logger (Onset HOBO Pendant 8 K-UA-002-08). After 2 weeks of acclimatization, the temperature, day length and food amounts in T were changed to mimic a 100-d winter period; temperature was changed linearly from 17 to 3°C over 50 d and back to 17°C during a further 50 d. Day length was decreased uniformly from 15 to 4 h and back to 15 h. The amount of food was changed at regular time intervals in steps of 25% of the above recipe, from 100% to 25% during the first 50 d and then back to 100%. In C, the parameters were kept constant at 17°C, day length 15 h and food 100%.
Sampling
During the 100-d trial, one mussel from each glass was sampled on seven evenly spaced occasions. The sampling was randomized by lining up the mussels from each glass and selecting them using a random number. Total L was measured using an eyepiece micrometre at 12× magnification, to the nearest 20 µm. Mussels were preserved in 2 ml fixative containing 60% by volume phosphatebuffered saline (pH 7.2), 40 mM cacodylate buffer (pH 7.2), 2.5% glutardialdehyde and 2.0% formaldehyde. Further subsampling for processing was stratified between glasses to avoid pseudoreplication and randomized within each group. In total, we processed 56 mussels (27 from C, 26 from T and 3 larger mussels).
Processing
Mussels were decalcified in formic acid overnight, gradually dehydrated in ethanol and embedded in resin (Technovit 7100 kit, Heraeus Kulzer GmbH, used according to the manufacturer's instructions). To visualize the characteristic W-shaped ctenidium, we sectioned the juveniles dorsoventrally, parallel to the gill filaments. Decalcification of the shell creates CO 2 when the acid reacts with the calcium carbonate in the shell. The CO 2 inflates the cavity created between the organic mantle and periostracum. Most gas escapes, but some is trapped and forms large, visible bubbles. The bubbles cause buoyancy in the Technovit and make proper embedding and orientation impossible without physically removing the gas. To remove CO 2 bubbles, and to ensure proper orientation, periostracum and mantle were carefully removed. Dissection was done under a microscope and while infiltrated with liquid Technovit. Whole dissected mussels were photographed (Olympus BX 60, Nikon DS-5M) from the left and right sides with varying exposure and lighting. In silicone moulds, filled with hardening Technovit, dissected mussels were precisely orientated with filaments parallel to the mould edge and with the posterior end towards the edge. Blocks were cut up with a razor saw (Gyokucho) and re-embedded with the posterior surface downwards. Reembedded blocks were sectioned at 2 µm on a microtome (Leica, RM2065).
To make consistent ctenidial measurements, a standard dorsoventral section through the posterior retractor muscle (PRM) (Fig. 2 ) was defined by (1) the ctenidium axis, ventral bend and descending tip should be visible; (2) the PRM should be Y-shaped and touch the mantle dorsally, at least in a nearby section. Sections that were not properly orientated were excluded. An efficient sampling of PRM sections was done by first trimming away about 25% L at the posterior end. The next 10 sections, with a trim interval of 10 sections (10 × 10 × 2 µm = 200 µm), were fitted systematically on one slide, stained with toluidine blue, cover-slipped and photographed with an Olympus BX 60 binocular equipped with a Nikon DS-5M camera.
Measurements
In microscopic photos of whole individuals, measurements were obtained of the inner descending lamella area, outer ascending lamella area (if present), posterior-anterior ctenidial length, approximate filament thickness and the number of filaments. In microscopic photos of PRM sections, measurements were obtained of the length of left and right, descending and ascending inner lamellae. All measurements were done in the software ImageJ (v. 1.46r), with the observer blind to mussel size and treatment.
Illustrations
A series of photographic images of both dorsoventral and sagittal sections from two specimens was printed. Images were selected for each 20 µm. Based on the prints, semi-schematic pencil drawings (c. 20 × 30 cm) were made to illustrate all organs relevant to the study, corrected for processing and fixation artefacts. These drafts were corrected by viewing images of whole specimens with a binocular microscope. Drawings were thereafter made with 3-and 5-mm tip ink pencils and reduced to half size (Figs 1, 2 ).
Calculations
The degree of development (D) was quantified by calculating the length-ratio between descending and ascending lamellae in PRM sections. Filament period was calculated as posterior-anterior ctenidial length divided by the number of filaments. To achieve fundamental constants concerning the complex life cycle, a mechanistic nonlinear least-square model approach was chosen using the statistical software R (v. 2.15). Models that included shell length (L), age (A) and winter treatment were tested against each other to ascertain which factors improved the model significantly. The effect of winter treatment was tested by fitting separate models to the treated group, the control group and the two groups pooled, then asking whether the two separate models, compared with the pooled model, significantly reduced the sum-of-squares residuals (Chen, Jackson & Harvey, 1992) .
RESULTS
Postlarval gill anatomy
The anatomy of a late V-stage postlarva (without shell) is shown in Figures 1-3 . The main difference between a 2-mm postlarva and an adult is the absence of an outer demibranch (OD) in the postlarva. The ctenidial development is shown in Figure 2 . The division of the postlarval ctenidial development into I-stage, V-stage and W-stage is shown in Figure 3 .
At the I-stage (L c. 0.8-1.1 mm), the medial lamellae grow by adding more filaments from a posterior budding zone and by ventral elongation of the filament apices. At this stage, each lamella is formed by I-shaped filaments, held together by ciliary junctions at the distal apices.
During the V-stage (L c. 1.1-4.5 mm), the inner lamellae bend medially and ascend dorsally. The I-shaped filaments become J-shaped and thereafter gradually V-shaped. The descending and ascending lamellae together create an inner demibranch (ID), forming a lamellar cavity that is separated from the mantle cavity. Simultaneously, more filaments are added to the ID posteriorly and the ventral bend of the ID elongates. By L of about 2.2 mm, the ID has reached its final V-shape. The ventral groove is formed during the late V-stage (2.2-4.5 mm).
At the W-stage (c. 4.5 mm to adult), the supplementary outer (or lateral) demibranchs start to develop. These lateral filaments do not descend and ascend as in the ID; instead, the ventral bend elongates from the beginning. At a L of 14 mm, the ODs still cover only half the area (48%) of the inner lamellae. When the ODs have developed properly, the ctenidium attains its final adult shape. Further ctenidial enlargement occurs by the addition of more filaments posteriorly and by further ventral elongation. No stabilizing interlamellar junctions were observed at this stage. Figure 1 . Anatomy of a V-stage postlarval Margaritifera margaritifera with the left shell and mantle lobe removed. Abbreviations: AAM, anterior adductor muscle; AIL, ascending inner lamella; BZ, budding zone; CA, ctenidial axis; DIL, descending inner lamella; EV, exhalant valve; Fi, filament; Fo, foot; IV, inhalant valve; LP, labial palps; PAM, posterior adductor muscle; PC, pallial cavity; PRM, posterior retractor muscle; Re, rectum; Um, umbo. The figure illustrates the structure of the left inner demibranch, where the ctenidium hangs freely into the pallial cavity. Water is pumped by lateral cilia between the filaments into the suprabranchial chamber.
Development ratio in PRM sections
The development ratio (D) describes the degree of ctenidial development in V-stage mussels. It is the ratio between descending and ascending inner lamella in the standard PRM section. In Figure 4 , D is plotted against L. A logistic model for both groups (solid line) is the equation:
where K = 0.826, B = 1.426 and L 0 = 0.847. The upper asymptote (K ) means that the descending lamella is estimated to grow 82.6% as long as the ascending lamella. The parameter B determines how fast development occurs. The parameter L 0 is the initial length when the development ratio is zero. Rapid development occurs between 1.0 and 2.2 mm, before the curve flattens at about 70%. Age (A) alone did not predict development ratio (R 2 = 0.031). When included in the logistic model as
the age slope (b) was close to zero (0.00026) and not significant (P = 0.181, F = 1.84).
Effects of a winter treatment
Possible effects of the winter treatment were tested by fitting separate models to T and C groups (Fig. 4) . The two separate models compared with the single pooled model did not give a significant residual reduction (P = 0.3483, F = 1.126). Our winter treatment, therefore, did not induce an accelerated gill development. After the 100-d treatment, the C mussels were significantly larger than T mussels (P = 0.015, t = 2.459, n = 130), the average daily shell growth being 2.6 and 1.6 µm, respectively.
Area measurements
The areas of ascending, descending and outer lamella (A asc , A des and A out , respectively) followed a local linear relationship with L ( Fig. 7 ):
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If we solve each equation with respect to L and set A to zero, we should get the approximate L when each lamella type started to evolve. Initial L for ascending, descending and outer lamellae are 0.8, 1.1 and 4.5 mm, respectively.
Filaments
The number of filaments (N ) had a tight linear correlation with L (N = 8.104L + 1.43, r 2 = 0.9565; Fig. 5 ). The equation solved with respect to shell length gives L = 0.123N -0.177, meaning that the mussels grow one additional filament for every 123 µm increase in L. The filament period was about 48-58 µm (Fig. 6) , calculated as the anterior-posterior width of all filaments divided by N. Filament thickness was about 20-37 µm, measured on a Figure 3 . Stages of ctenidial development in Margaritifera margaritifera. Abbreviations: AIL, ascending inner lamella; AOL, ascending outer lamella; CA, ctenidial axis; DIL, descending inner lamella; DOL, descending outer lamella; FA, filament apex; VG, ventral groove. Figure 2 . Anatomy of a postlarval Margaritifera margaritifera at the early V-stage. The section passes dorsoventrally through the posterior retractor muscle (PRM), parallel to the gill filaments (standard PRM section for measurements of ctenidial development). Abbreviations: AIL, ascending inner lamella; Ci, ciliation; DIL, descending inner lamella; FA; filament apex; Fo, foot; Ga, ganglion (cerebro-pleural visceral connectives); In, intestine; Ki, kidney; MC, mantle cavity (inhalant chamber); MCi, mantle ciliation; PRM, posterior retractor muscle; Sh, shell; SC, suprabranchial chamber (exhalent chamber); VG, ventral bend (prospective ventral groove).
single filament dorsally in the middle of the lamella. In one of the additional mussels (L = 14 mm), the filament period was 46 µm and filament thickness 40 µm. Therefore, filament period and thickness do not change significantly with mussel size. Filaments were covered with cilia, organized in two visible pairs of rows, the latero-frontal cilia and the lateral cilia. Frontal cilia also were observed, but were only faintly visible in coronal sections. The latero-frontal cilia were about 24 µm long and spaced 2.3 µm from one another.
DISCUSSION
Developmental stages
We identified three distinct stages of ctenidial development: the I-, V-and W-stages. This is similar to earlier findings in marine species such as Mytilus edulis and Crassostrea gigas (Bayne, 1976; Cannuel et al., 2009;  Table 1 ). However, the development in Margaritifera margaritifera is slower and no interlamellar ciliary junctions were seen between adjacent filaments.
I-stage postlarvae have the morphological possibility to create a temporary inner cavity by connecting left and right I-shaped lamellae, known as a 'gill basket' in marine pediveligers (Bayne, 1976; Cannuel et al., 2009) . The gill basket is probably not very efficient for filter feeding, due to weak resistance to interlamellar pressure and a small filtration area, but widens the options from pedal feeding at a critical stage of development. While marine, pelagic bivalve larvae do not pedal feed, M. margaritifera can either pedal feed or filter feed at this stage. Buddensiek (1995) discovered that a critical size for winter survival in M. margaritifera was 0.7-0.9 mm, which is similar to our estimate of the onset of the I-stage at 0.8 mm shell length. Even though filter feeding is not as efficient in the I-stage as it subsequently becomes, it may still improve feeding during winter under conditions when food is most available in the water column. This is further indicated when juveniles simultaneously filter feed and pedal feed at the I-stage and early V-stage. Margaritifera margaritifera has a large foot anteriorly, which prohibits the short former left and right lamella from joining. To form an inner cavity in this anterior region, the lamellae have to connect to the foot, which moves during pedal feeding. Pedal feeding also requires the shell to be open, which prevents adjustments of the in-flowing and outflowing posterior valve. Therefore, during the I-stage and early Vstage, pedal feeding is probably much more efficient than filter feeding; hence, pedal feeding occurs more frequently during these stages. Another hypothetical explanation for a preference for pedal feeding at this stage is that the sorting capability is apparently lacking, as the ventral groove has not developed in the I-stage. Nonedible particles have to be rejected in favour of food particles, which require ctenidial sorting capability that less developed mussels may not possess.
The ontogenetic feeding shift
At the V-stage, mussels gradually become capable of filter feeding, as the inner lamellae descend dorsally. Interlamellar pressure will force apex junctions together, making the demibranch more rigid (Smith, 1980) . Hypoxia due to anoxic interstitial water is believed to be the main cause of death in postlarval mussels in their natural habitat (Geist & Auerswald, 2007) . However, the formation of byssal threads, simultaneously with the onset of filter feeding, indicates an ontogenetic habitat shift, as the mussels can settle down, rather than actively searching for detritus deeper in the sediments (Gramstad, 2014) . The byssus anchors mussels to small rocks, enabling them to settle higher up in the river substratum were water currents are stronger, without being washed downstream. A well-ventilated substratum means higher food supply, less chance of interstitial anoxic conditions and improved survival.
Optimization of postlarval rearing conditions
In culture, the transfer from a 'pedal-friendly' to a 'filter-friendly' habitat should be timed to when filter feeding is preferred over pedal feeding, which is at about 2.2 mm shell length. If mussels are too small when transferred, an increased mortality is expected, due to under-developed filtering capabilities of small individuals. If transfer is too late, the larger individuals will lose their high growth potential, causing their growth to slow. The solution could be to sort the mussels by size, or to construct an environment where the mussels could choose to move into a filter-friendly environment by themselves. Experience with cultivation indicates that growth, and variation in growth, is strongly dependent on density, food quality and feeding frequency (Eybe et al., 2013) . Cultivated V-staged mussels grew much faster when transferred to artificial rivers compared with their siblings that were kept in boxes for a longer period (J. Marwaha, personal communication). These observations support the hypothesis that mussels at this stage are able to switch between pedal and filter feeding in order to optimize their food intake.
The juvenile W-stage
The ODs develop during the juvenile W-stage (L > 4.5 mm), resulting in an increased filtering capacity. Development of the ODs indicates that the IDs are fully developed and that mussels need more filter area and possess the required shell volume. The ODs grow relatively slowly and cover only 48% of the area of the IDs in a 14-mm mussel. The critical 4 mm size for filter feeding, suggested by E. Wahlmann (Buddensiek, 1995) , fits with our prediction for the onset of the W-stage. The interlamellar junctions found in adult M. margaritifera (Smith, 1979) were absent in our 14-mm specimen. Lack of stabilizing interlamellar junctions is an ancestral trait, which makes the suprabranchial chamber less stable than in filibranch and eulamellibranch gills, and may reduce the filtration rate (Gosling, 2008) . Nevertheless, an increase in food-harvest capacity, and thus growth rate, should be expected at this stage, compared with smaller stages.
Winter treatment
Reduced growth rates were observed in mussels that were subjected to the artificial winter treatment. They developed the ctenidium later than the control group, but at the same size. Hence, except for slowing of growth, winter did not induce increased ctenidial development. In the wild, M. margaritifera only grow at temperatures above 5°C (Dunca & Mutvei, 2001) . Winter is a natural event in a mussel's life and may nevertheless induce other important physiological changes. In the marine mussel M. edulis, it has been shown that pediveligers can delay metamorphosis if they lack a suitable substratum (Gosling, 2008) . Hence, seasonal timing and adaptive growth in M. margaritifera might be based on delay, rather than acceleration.
Size or age?
Ctenidial development is size dependent and not age dependent. A slow-growing mussel does not have a more-developed filtration apparatus than a fast-growing mussel of the same size. Mussels grow isometrically, so their volume increases with shell length raised to the third power. An interpretation of why development is size dependent is that size determines the most efficient feeding method. After reaching a certain size, the mussels' pedal feeding may become insufficient, so that filter feeding becomes the most efficient feeding strategy. The reason for the critical size being 2.2 mm remains unknown.
Filament metrics
The number of ctenidial filaments in each ID is linearly related to shell length ( ) = + N L 8. 104
1. 43. A similar relation is found in the marine Macoma balthica, estimated as N = 9.438L -0.087 for the ID and N = 9.921 L -11.173 for the OD (Caddy, 1969) . The similar slopes in each case show that the filament thickness is comparable.
Filament thickness (c. 28 µm) and interfilamental distance (c. 29 µm) did not change significantly with mussel size, indicating that juveniles and adults capture the same food particles. In fact, it is the ciliary meshwork that is relevant for particle retardation (Gosling, 2008) , but the distance between filaments may give an approximate indication of particle sizes. Ciliation was present at all the examined stages, indicating that cilia are developed from the onset of filament differentiation. In small specimens, the distal part of the mantle was heavily ciliated. Distance between latero- Kingzett (1993) . ¶ Veniot, Bricelj & Beninger (2003) .
frontal cilia (or cirri) was similar to that in M. edulis (2-3 µm); species with well-developed latero-frontal cirri show a 90% retention of 2.0-3.5 µm particles, while species with less well-developed latero-frontal cilia only retain 50% of the same size fraction (Gosling, 2008) . In histological images, ciliation was only faintly visible and could not be studied in detail. Further study of ciliation requires the use of electron microscopy.
Conclusion
The ctenidial anatomy of postlarval M. margaritifera has been established and has laid a foundation for future anatomical studies as well as ecological interpretations. Three stages of the ctenidial development have been described and the initial critical shell sizes at each stage have been quantified. At the V-stage, our model predicts the degree of development from the shell length. We found that ctenidial development is size dependent, not age dependent and that exposing postlarvae to an artificial winter did not accelerate development. An almost nonincreasing distance between filaments indicates that juveniles and adults capture the same-sized food particles. Even though interpretations of anatomical structures have limitations, there is strong evidence for a potential overlap between filter feeding and pedal feeding at the I-stage and early V-stage. In the mid V-stage, mussels start filter feeding and probably attach by byssus in faster-flowing interstitial water. This represents an important ontogenetic habitat shift.
Results from the present study could be used directly by rearing operations to optimize the date of transfer to filter-friendly environments. Although possible variance between populations should be taken into consideration, we recommend such a transfer at about 2.0-2.4 mm shell length. Acquired knowledge has already been applied to optimize freshwater pearl mussel cultivation in Norway. The result may also be used for a more targeted restoration of river habitats, with a focus on the vulnerability and needs of the juveniles. Better knowledge of postlarval physiology may be a piece in the puzzle that will provide a better explanation for why M. margaritifera struggles for survival as a species.
